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The Cr i t i ca l  Task, previously described i n  Part  I of t h i s  report, 
consists of a closed-loop tracking task i n  which an increasingly unstable 
controlled element is used t o  yield a measure of the  operator's effect ive 
time delay while tracking. I n  t h i s  par t  of the  report, the  task has been 
fur ther  developed through the analysis of additional data. 
I n  a ser ies  of experiments, it w a s  found tha t  the  human operator's 
character is t ics  do not change as the system input l e v e l  is  decreased; 
hence, the c r i t i c a l  task yields a val id  l i m i t  when excited solely by 
the  operator's remnant. The e f fec ts  on the operator of different  control 
s t i ck  types (force, spring, and free)  are investigated, and the  differences 
i n  c r i t i c a l  task scores are related t o  the operator's describing function 
character is t ics .  
measures of effective time delay and the  autopacer scores. 
sis t o  determine the number of autopacer tr ials necessary t o  achieve a 
confident measure is made. 
order c r i t i c a l  task i n  which an integrator precedes the f i r s t -order  
divergence. 
Step reaction time data are compared with the continuous 
A sample analy- 
Finally, data are presented f o r  a second- 
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A closed-loop compensatory tracking has been developed which uses 
an increasingly unstable controlled element t o  yield a measure of the  
operator's effect ive delay time while tracking. The main body of data 
and the theore t ica l  analysis of the task is  reported i n  Par t  I of t h i s  
report  (ref. 1 ) . 
taken 
over-all  experimental plan, some data were obtained which were rather 
incidental  t o  the  main program but which could not be obtained economi- 
ca l ly  a t  a l a t e r  date. It is  these data tha t  a re  reported herein, with 
the purpose i n  mind of fur ther  advancing the  c r i t i c a l  task theory, under- 
standing the  observed behavior of the  operator, and validating some of 
the theories which have been evolved. 
The experimental program f o r  t h i s  research was under- 
i n  February 1963 a t  the Franklin Ins t i t u t e  where, as par t  of the 
It i s  assumed throughout t h i s  
companion Part  I 
here. 
report  t h a t  the  reader is  completely familiar with the  
report  ( re f .  1 ), so tha t  some de ta i l s  are not repeated 
The data obtained cover several  areas of in te res t .  
e s sen t i a l ly  independent, hence t h i s  report has been w r  
of a collection of experiments. Section I1 covers the 
input l e v e l  on the  operator t o  validate the  use of the  
Each area i s  
t t e n  i n  the form 
ef fec ts  of varying 
autopacer without 
an input. Section I11 contains the  effects  of different  control s t icks  
on the  results. Section I V  presents concurrently measured s tep reaction 
time data and an analysis of trial size, while Par t  V covers some pre- 
liminary second-order cr i t ical .  task data. 
1 
A- 
When the controlled element of a manual control system i s  unstable, 
t he  operator must exercise control even i n  the absence of an input, as 
would any l inear  controller.  A mechanical or e l ec t r i ca l  controller 
would have no noticeable output (control would be accomplished with 
very small motions) while the human operator exhibits varying degrees 
of control action depending on the  leve l  of ins tab i l i ty .  
i s  that  the operator's remnant (sometimes a t t r ibu ted  t o  "noise" inject ion 
or  time variation about mean parameters, ref. 2) excites the system and 
is, i n  effect ,  a system input. The STI c r i t i c a l  task, which u t i l i z e s  an 
unstable plant, was developed not as a tracking task, per se, but as a 
device t o  measure cer ta in  operator character is t ics  while i n  closed-loop 
operation. Thus, i f  these operator character is t ics  could be adequately 
measured using only remnant f o r  system excitation, economies i n  mechani- 
zation and operation would resu l t .  
carried out t o  determine the nature and assess the va l id i ty  of the effec- 
t i v e  time-delay measures obtained as the input l eve l  i s  progressively 
reduced t o  zero. 
An explanation 
The experiment described below was  
The experiment was carried out a t  the  Franklin I n s t i t u t e  simultaneously 
with the experiments described i n  reference 1 and used the  same simulation 
and analyzers t o  take data f o r  describing f'unction and remnant calcula- 
t ions.  
of the sum of ten  sinusoids with t h e i r  amplitude adjusted so that  the  
spectrum was rectangularly shaped and had a higher frequency, lower 
amplitude "shelf" as shown i n  figure 1 . 
As w i l l  be recalled from reference 1 ,  the  system input consisted 
The experimental variables of t h e  input were chosen t o  be the  band- 
width, %, and the mean-square amplitude, given by 
2 
where Aj is  the  peak amplitude of the j t h  sinusoid. 
between the  components gives a random-appearing input signal. 
Random phasing 
Ampli 
(linear 
Figure 1 Input Spectrum (B6' shape, ai = 1.5 rad/sec) 
The Measurement, Systems, Inc. Model 43.5 force s t i c k  was  used f o r  all 
runs and the  f i r s t -order  sub-cr i t ical  task of reference 1 w a s  used with 
A = 4 rad/sec ( A  is  the unstable root value). The subject was the same 
i n  a l l  the  Franklin Ins t i t u t e  c r i t i c a l  Cask runs. Approximately a 
dozen runs were made specif ical ly  t o  determine input effects .  Four 
input leve ls  and three input bandwidths were used, and two no-input 
runs were tape recorded f o r  M h e r  power-spectral analysis by the dc 
analyzer. 
The approach f o r  determining the va l id i ty  of no-input measures is 
as follows. 
Consider the typ ica l  manual control system shown i n  figure 2. I n  
the  absence of a system inpiit, I, a y  c t t e q t  to ECBG'Z~ %he line~r 
character is t ics ,  Yp,. of the  operator would r e su l t  i n  
3 
unless a specific form i s  assumed for  Nc, the operator's injected noise 
o r  remnant. 
09 the operator does not change i n  the  absence of an input, i.e., that 
for  Yc = 1 / ( 4 s  + 1 )  it i s  given by the  "extended crossover" m o d e l ,  
Let  us assume for  the moment that the l inear  description 
(a/s - 7s) Yp = $e 
t o  an adequate approximation ( t h i s  i s  shown t o  be an adequate model i n  
r e f .  1 when a system input i s  present). 
f igure 2 is  unchanged i n  the absence of an input so the s t a b i l i t y  c r i -  
terion i s  unchanged. 
A,, obtained without an input is valid i f  we can show tha t  the form of 
Yp doesn't change when the  input i s  progressively reduced t o  zero. 
The characterist ic equation of 
We can therefore show that a c r i t i c a l  instabi l i ty ,  
1 I r-------- Nc I 
I i Controlled 
L-,,,,,,,,.l I Human Operator Element 
Figure 2. A Single-Loop Manual Control System 
The eqerimental  design t o  permit t h i s  .extrapolation t o  zera input 
i s  as follows: 
1 .  A ser ies  of inputs having a constant effective band- 
width but decreasing r m s  levels  i s  given the  operator, 
and the resul t ing describing functions, control output 
power spectra and remnant power spectra are measured 
for  each. The describing f'unctions and remnant are 
then extrapolated t o  zero input level .  The extrapo- 
la ted data are used t o  "predict" t he  control output 
power spectrum tha t  remains when the  input i s  removed, 
and t h i s  i s  compared with the  measured control Output 
spectrum. 
4 
2. Since the operator remnant appears t o  be wide-band 
( re f .  3 ) ,  a very low amplitude input can be used 
while being subjectively masked, at the  error  
display, by the re la t ive ly  large remnant-excited 
signals present during near-cr i t ical  tracking. 
This "subliminal" input is  nevertheless acted on 
by the  operator and permits a measurement of Yp 
under subjectively no-input conditions, a lbe i t  
w i t h  degraded signal-to-noise ra t ios .  
D* DISCUSSI~ CW THE DA2A 
The data obtained from the watthour meter and dc cross-spectral 
analyzers ( ref .  3 )  can be reduced t o  yield r e su l t s  of essent ia l ly  four 
types: 
spectra, @cc(cu), ( 3 )  operator's control remnant, cp,(cu), and (4) average 
performance measures, c2, e2, and pat. 
any frequency sensi t ive changes occurring within the operator, while 
the fourth category shows how the net closed-loop performance varies. 
A l l  four a re  usef'ul as clues t o  behavior, and each w i l l  be discussed i n  
turn  below. 
(1 ) describing functions, Yp( jcu) , (2) control output power 
- -  
The first three types indicate 
1. Describing Function Data 
Operator describing functions have been computed i n  the manner de- 
scribed i n  reference 3 f o r  selected runs from watthour meter analyzer 
data taken during the experiments. The describing functions, plotted 
i n  f igure 3, are computed fo r  three input levels .  
chosen on the  basis of subjective operator d i f f i cu l ty  and are considered 
t o  be representative of "small, medim, and large" inputs. 
The levels  were 
The most notable difference between input conditions apparent i n  
figure 3 i s  tha t  the low amplitude input data is  scattered.* This 
emphasizes t h a t  the  analyzer has d i f f icu l ty  resolving measures a t  a 
frequency where only a f e w  cycles of the input occur i n  a run length. 
*Machine problems prevented data recording a t  13.8 r/s on the  day 
the  1 /16" and 1 /4" rms runs were made, hence the  absence of describing 
function points. 
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Figure 3. Describing Functions Showing Input Level Effects 
6 
10.0 
' The d i f f i cu l ty  i s  compounded by the low signal-to-noise environment of 
the low amplitude input. 
and careful inspection of the  high frequency portion of the describing 
function phase yields no trends or significant e f fec ts  from input l eve l  
variation. The appropriate curve f i t  from reference 1 (a = 0.35 rad/sec, 
7, = 0.1 10 sec) i s  shown i n  figure 3. 
with the work of Elkind (see ref. 4) where it w a s  determined tha t  system 
closed-loop character is t ics  remained the same as the input was diminished. 
The amplitude r a t i o  data a l so  indicates that  l i t t l e  change occurs, but 
has not been discussed since it i s  l e s s  sensit ive than the  phase t o  system 
changes (note tha t  the operator model, eq. ( 3 ) ,  has only one parameter, 
%, t ha t  a f fec ts  the amplitude r a t i o ) .  
The high frequency portion is  rel iable ,  however, 
These r e su l t s  are consistent 
Additional describing function data were taken which allow a check 
of input e f fec t  by varying bandwidth. 
cases (shelf only, q = 1.5 and 4.0 rad/sec) . 
model f i t  i s  shown here a l so  (a = 0.35 rad/sec, T~ = 0.110 sec) and 
again no difference i s  noticeable i n  the high frequency character of 
the  describing functions. 
did obtain an effect  on Teff from bandwidth variation, but there the 
operators were not operating as near t he i r  s t a b i l i t y  limits, and were 
therefore not constrained t o  use t h e i r  minimum Teff. 
Figure 4 shows three bandwidth 
The extended crossover 
It i s  interesting t o  note that reference 3 
It i s  concluded, then, t ha t  a t  near c r i t i c a l  i n s t ab i l i t i e s ,  no 
f'urther change occurs i n  the operator's describing function as  the 
input i s  reduced e i the r  by decreasing the  amplitude o r  the bandwidth. 
2. Correlated and Remnant Power Spectra 
The describing function shows the  operator's l i nea r  character is t ics  
at  input frequencies, but the corresponding power levels at T l i i C l i  he I s  
operating (determined by closed-loop characterist ics) are not obvious 
a t  a l l ,  nor can any information be obtained about h i s  output at  other 
than input frequencies. 
ment describing functions and have been computed f o r  pertinent runs here. 
The methods and procedures used t o  cmpute spectra from both the dc and 
For these reasons, power spectra nicely supple- 
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Figure 4. Describing Functions Showing Input  Bandwidth Effects 
a 
watthour meter analyzers a re  ra ther  lengthy and so w i l l  not be noted 
here (see refs .  3 and 5 f o r  de ta i l s )  
Since the input is  coqosed of a sum of sinusoids, the portion of 
the operator's output which is  correlated with the input is a l so  a sum 
of sinusoids. 
OCci, which i s  the output power, C C ,  correlated with the  input, i. 
the  other hand, at  frequencies between input frequencies, there  i s  evi- 
dence that the  operator generates an output over a l l  frequencies ( ref .  3 ) .  
It is  therefore appropriate t o  represent the  operator's uncorrelated 
output (h i s  remnant) as a density, 'pm. Consider now the measurement 
of the  power spectra at an input frequency with the  dc analyzer. The 
analyzer has a f i n i t e  banasddth, hu, s o  t ha t  it i s  not only measuring 
the correlated power, but the remnant within La. 
w i l l  thus be the  sum of the power i n  the sinusoid ("spike" power) and 
the  area under the curve i n  sketch A. 
The power of these sinusoids i s  represented by the symbol, 
O n  
The power measured 
The techniques f o r  separating 
output 
t- 
I u- 
Sketch A. Measurement Bandwidth of the E A  
t h i s  resu l tan t  measure in to  QCci ( the squared amplitude of the "spike") 
L L I A L b  mnn y ( t k e  mgi+~fk  cf the crossh&.ched area of the curve) are  contained 
elsewhere (ref. 3 ) ,  but now the  reader w i l l  not be perplexed a t  finding 
remnant at  input frequencies i n  some of the following figures. 
Before proceeding with the data presentation, it i s  interest ing t o  
Figure 5 compare the  r e su l t s  of the two possible measurement methods. 
Presents the average power spectra for  5 runs obtained from the watthour 
9 
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Figure 5. Camparison of DC Analyzer and Watthour Meter Analyzer Data 
meter analyzer and the dc analyzer (the same 5 runs were used f o r  each). 
There it is  apparent tha t  t he  agreement i s  excellent between the  inde- 
pendent and en t i re ly  different  techniques. 
The three conditions of i n t e re s t  are:  ( 1 )  the  base condition with 
the €6 ' - 1 .3 - 1 /8" input, (2) the shelf input condition, a i  = 0.035", 
and (3) no input a t  a l l .  Figures 6 and 7 show the  measured correlated 
power, Qcci, f o r  the base condition and the  shelf input condition, respect- 
ively. 
from 
The sol id  l i n e  i n  each figure i s  the theore t ica l  spectra obtained 
where the extended crossover model (see f i g .  4, ref 1 ) is  used fo r  Yp. 
A comparison of figures 6 and 7 shows that even though the low 
frequency portions of the two are d i f fe ren t  by 14 dB, the  operator's 
l inear  description remains unchanged, as evidenced by the agreement 
between the data points and the so l id  l i nes .  
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1 1  
It. is also i c t e r e s t k g  to note ';list the shelf portioil of the input 
i s  barely detectable by the operator, and yet the power he expends over 
these frequencies (2 < co < 20 rad/sec) i s  considerable. 
The above data indicates t ha t  the  operator doesn't change h i s  form 
We can get a fur ther  indication of h i s  be- as t h e  input i s  decreased. 
havior by measuring power output when no input i s  present. 
case, h i s  en t i re  output is  remnant, and it can be compared with the 
remnant present i n  the input, cases. 
Measures were made at  input frequencies as well as  each half-rad/sec 
between 3 and 10 rad/sec. 
I n  such a 
Figure 8 shows such a comparison. 
0 
-20 
- 40 
0.10 I .o w (rad /set) 10.0 
F i g u r e  8. Comparison of Remnant Power Spectral  Density f o r  
Base Runs, Shelf Input, and No-Input Cases 
It i s  apparent from the  figure that the remnant doesn't vary appre- 
ciably as the input i s  varied from none a t  a l l  t o  one of considerable 
s i z e .  
The watthour meter analyzer affords average measures of subject output 
(both correlated and uncorrelated) with r e l a t ive  ease. Thus measures a re  
available which provide a crosscheck on the  power spectra and which a re  a 
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* good indication of over-all behavior and performance. The most enlightening 
of these measures are the operator's total r m s  output and his uncorrelated 
r& output (fig. 9 ) .  
output increases with input level, while the remnant remains of the same 
order of magnitude. 
rms remnant is essentially constant. 
As is the case with the power spectra, the total 
In fact, it would probably be safe to say that the 
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- 
Crms, 
'nrrnr 
(cm) 
- 
1.0 
I I 1 - 
- Total Output ,Erms  
- 
- 
- 
- 
- 
- -0 Remnant Output ,Cnrrns 
I H -  
0.5 f I X = 4  rad/sec , Subject: JDM I 
I 0 wi=1 .5  rad/sec 
A w i  = 4.0 rad/sec 
a Shelf Only 
1 I I I I I I 
0 0.2 0.4 0.6 0.8 
ui (cm) 
Figure 9 .  Total and Remnant Average Output Variation 
With Input Level 
a ~ 6  is nlot ted rA ir, flgdre 10 f r o m  watthour meter data. The theoret ical  
pa could be computed from equation ( 3 )  , assuming tha t  the remnant cn 
is  constant, and compared with the experimentally obtained values i n  
figure 10, but it i s  f e l t  that  the  data are  too sparse a t  t h i s  time. 
The conclusion, hawever, t h a t  the operator's remnant i s  a f a i r l y  constant 
par t  of h i s  output i s  evident. 
X = 4 rad/sec , Subject ; JDM 
0 w i  = 1.5 rad/sec 
A w i  = 4.0 rad/sec 
a Shelf Only 
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Figure 10. Relative Remnant Variation with 
Input Level 
It is apparent from the  discussion t o  t h i s  point t h a t  the  operator 
re ta ins  h i s  form of behavior i n  the absence of an input. 
i n  autopacer c r i t i c a l  i n s t a b i l i t y  scores obtained with and without an 
input has been observed, so w h a t  i s  t h e  cause of t he  difference? The 
answer was given i n  references 1 , 6, and 7. 
that as the system approaches in s t ab i l i t y ,  the  r a t i o  of e r ror  t o  input 
But a difference 
I n  reference 1 it w a s  noted 
. 
erms 
i rms 
0 -  
erms corresponding t o  
emax = scope limit, etc.  
A ( t )  
This phenomenon was checked by mechanizing an analog subject on the 
computer and then varying the input level.  
reference 6, a re  shown i n  figure 12. 
resul t ing c r i t i c a l  t i m e  constant is  equal t o  the delay s e t  i n  on the 
analog p i l o t .  
s tant ,  i - e  ., 1, (= 1 /Tc) decreases. 
a theoret ical  analysis based on input amplitude probabili ty dis t r ibut ions 
i n  reference 7, i s  not intended as a calibration of any sor t ,  since such 
fac tors  as input frequency content, the terminal autopacer ra tes ,  operator 
remnant levels ,  etc.,  all can s l igh t ly  influence the resul t ing scores. It 
does show, however, that the minimum input yields tne score most nearly 
equal t o  the  desired c r i t i c a l  l i m i t .  
The resul ts ,  documented i n  
Note tha t  f o r  zero input the  
As the input increases, so does the c r i t i c a l  time con- 
This curve, which i s  supported by 
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The ef fec ts  of an input on the operator under near-cr i t ical  conditions 
can be summarized as follows: 
0 The operator 's  describing function i s  pushed t o  a 
l i m i t  and shows no further change with input ampli- 
tude o r  bandwidth. 
0 The operator's output power spectra show tha t  the  
par t  of h i s  output correlatedwith the  input de- 
creases with input l eve l  as  predicted with the 
model. 
0 The power and spectral  shape of the operator's 
output remnant remains essent ia l ly  unchanged by 
input level .  
It can therefore be concluded tha t  near the c r i t i c a l  task limits 
the  operator behaves as a fixed-linear operator plus noise, irrespective 
of the input level .  
be t rea ted  as i f  it were a system input. 
I n  the absence of an input, the injected noise can 
Because of display limits, the autopacer yields the score most nearly 
equal t o  the  t rue  l imiting value when the system input i s  reduced and the 
exci ta t ion is  due t o  operator remnant alone. e/p- 6 7 #  
When mechanizing the  autopaced c r i t i c a l  tracking task, the experi- 
menter must provide an appropriate control s t i ck  f o r  the operator. 
Since different  types of s t icks  have resulted i n  describing fiinction 
differences i n  past  experiments ( ref .  13), it w a s  expected tha t  c r i t i c a l  
task scores would a l so  r e f l ec t  differences due t o  the manipulator. 
t h i s  reason, an experiment w a s  carried out t o  determine manipulator 
effects  and, ultimately, t o  es tabl ish the  s u i t a b i l i t y  of the three 
commonly used types : pressure (isometric), spring restrained, and f r ee  
(isotonic) s t icks .  
For 
The experiment was  carried out simultaneously with those of reference l 
and used the same measurement equipment and subject. 
t i o n  and autopaced data were taken f o r  the three types of control s t i cks  
available. 
experiments, w a s  a Measurement Systems, Inc. No. 435 pencil  s t i c k  approxi- 
mately 9.2 cm (3-5/8 in.) long. 
subject ' s  right side and was used longitudinally ( fore  and af t )  f o r  com- 
pensatory tracking i n  the p i tch  a x i s .  The f r e e  s t ick,  consisting of 
a l i gh t  aluminum rod attached t o  a low-torque potentiometer, was 
approximately 5.4 cm (2-1/8 in.)  long and was mounted l i k e  the  force 
s t ick .  It had extremely sma l l  i n e r t i a  and f r i c t ion ,  which could not 
be detected by the operator. 
ment, a spring was added t o  the free s t i c k  giving a gradient of 24.5 N/rad 
( 1 . 9  oz/deg) . 
Describing func- 
The force s t ick,  which w a s  used f o r  the bulk of the  reference 1 
It w a s  mounted on an arm r e s t  at  the  
For t he  spring s t i ck  portion of the experi- 
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Before discussing the data, a br ief  summary of a current neuromuscular 
model w i l l  be presented t o  orient the reader. 
reference 1 t ha t  the effect ive time delay, Te, i s  composed of three parts:  
the  basic transport  delay, equalization time constants, and neuromuscular 
system lags .  The transport  delay, Td, includes nerve conduction times 
and computational time within the central  nervous system, and i s  there- 
fore invariant with control s t i ck  parameters. 
constants, TJ, and TI, are  operator equalization parameters and are  
varied within limits as a function of the dynamic character is t ics  of the  
controlled element, and so a re  a l so  invariant, with the control s t ick .  
The neuromuscular system dynamics, then, are the  only possible contributors 
t o  the  effect ive time delay which can vary with manipulator, and wil l  be 
discussed b r i e f l y  here. 
It wi l l  be recalled from 
The lead and lag  time 
K A 
(T,s+l) [ ($+ q 25s + I ]  
* 
8 -
I Primary Receptors 
I Figure 13. Block D i a g r a m  of Neurumuscular System 
A high gain and a low gain loop closure of th i s  system are  both shown 
i n  figure 14a. 
( so l id  l i n e )  along with segments of the open-loop a-Bode, where, by substi-  
t u t ing  s = 4 instead of s = jcu  i n  the  t ransfer  function, the behavior of 
The t o t a l  open-loop Bode amplitude asymptotes a re  shown 
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Figure 14. Neuromuscular System Bode P l o t s  
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. 
closed-loop roots on the r e a l  axis can be eas i ly  determined (see r e f .  8 f o r  
de ta i l s ) .  
Bode, YCL = GH/( I + GH), which i s  shown by the dashed l i ne .  
a very low gain closure (dotted l i n e )  i s  a l so  shown. 
of the  closed-loop roots, l / T i ,  ~ / T N ~ ,  and %, between the two closures. 
The closed-loop roots are found by constructing the closed-loop 
For contrast, 
Note the differences 
Figure 14b shows the  t ransfer  function of in te res t ,  E/+, obtained 
by dividing the  feedback quantit ies out of the  closed-loop p lo t  of 
f igure 14a [E/% = G/(1 + GH)] . 
quite apparent, par t icu lar ly  i n  the phase. 
as a s h i f t  t o  the r igh t  of the phase curve. 
i n  figure 14 spans approximately two decades.* 
There the e f fec ts  of the two gains are 
The increase i n  gain appears 
The measurement region shown 
The contribution of the system of figure 14 t o  the operator dynamics 
i s  then 
A s  noted i n  reference 1 ,  the  low frequency portion of the  phase can be 
approximated by an exponential term, o r  
Recalling t h a t  e i s  a special  case of eais, the neuromuscular dynamics, 
which are commonly writ ten i n  complex plane notation, a re  then approximately 
( 8) 
6 .  
CGC 
- =  
1 - 2 2fNS 
L\\wNJ 9$ J 
[ T ~ s  + I)[[%\ + - + 1 
*Practically, data t o  support the model a t  the low frequency end of 
t h e  band i s  d i f f i c u l t  t o  obtain accurately due t o  run length effects ,  
which place theore t ica l  l imitations on the accuracy of any spectral  
analysis and which can be offset  by an increased number of runs. The 
number of runs are limited i n  t h i s  experiment, consequently, the high 
frequency data w i l l  be the most reliable. 
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The effects  of tnsk difficTdty ad iimfp&&tsr- differences on tne closed- - 
loop nodel parameters can now be assessed. 
due t o  task d i f f icu l ty  by rais ing h i s  gain, KA, the  phase curve w i l l  slide 
t o  the right with a resul t ing decreased T N ~  and increased a, and q. 
"tightening up" phenomenon has been observed i n  other work ( re fs .  3 and 15) 
and was noted subjectively i n  the experiments of t h i s  program. 
If the operator "tightens up" 
Th i s  
To assess manipulator effects ,  consider changing from a f ree  s t i ck  t o  
a force s t ick .  
be expected t o  increase as the i n e r t i a  of the system decreased; consequently, 
an increase i n  the closed-loop root, q: would be expected. 
which the model describes the r e a l  s i tua t ion  of the c r i t i c a l  task  w i l l  be 
determined from the data. 
The natural  frequency, UA, of the muscle and i t s  load would 
The extent t o  
De ~CFtZXNGFuI9cTIONDATA 
The describing function data are shown i n  figure 15. Force and free 
s t i ck  data are showntogether with spring s t i ck  data from reference 3 
f o r  a controlled element divergence of X = 2 rad/sec. Also shown are 
data f o r  the force and spring s t icks  f o r  X = 4 rad/sec (the spring s t ick  
of r e f .  3 was l a t e r a l l y  operated with a gradient of 35.2 N/rad, but i n  
t h i s  experiment the longitudinal a x i s  was used). 
mental variables appears i n  Table I. 
A summary of the experi- 
Although t h e  amplitude r a t i o  can give sane clues t o  behavior, the 
phase i s  of primary in t e re s t  here because we are  looking f o r  e f fec ts  on 
Te. 
observations can be made: 
Before looking closely a t  the high frequency phase, some general 
1 . In  the crossover region (2 < co < 15) the  amplitude 
ra t ios  f o r  X = 2 rad/sec a re  nearly coincident, as 
are  those f o r  A = 4 rad/sec. 
The usual increase i n  s c a t t e r  i s  noticeable at  the 
lower frequencies. The s c a t t e r  generally averages 
out w i t h  a few runs, but here the  available data is  
limited. Therefore, l e s s  emphasis can be placed on 
the low frequency data than would otherwise be desirable.  
The high frequency phase shows surpr is ingly few 
differences due t o  the manipulator. 
of the describing function w i l l  be scrutinized 
ca re fu l lya f t e r  the data is  curve f i t t ed .  
2. 
3. 
T h i s  portion 
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The phase portion of the extended crossover model f i t s  t o  the describing 
functions are shown i n  f igure 15. The model i s  given by 
*P 
-j(a/cu + zecu) 
KPe 
where the a accounts f o r  the low frequency phase “droop” and the ze f i t s  
the high frequency lag.  The .re is, by definit ion,  the average effect ive 
time delay and i s  the parameter t ha t  the autopacer attempts t o  measure. 
The rules f o r  f i t t i n g  are t o  f i t  the T on the  frequency points above 
crossover, which are considered t o  be highly re l iab le  and repeatable 
points, and t o  f i t  the  a on the  points below the  crossover frequency. 
The low frequency points a re  l e s s  re l iab le  since there a re  fewer cycles 
i n  a computation period (run length). 
t ha t  several runs often need t o  be averaged before a s table  a curve develops, 
so it is  not surprising tha t  low frequency sca t t e r  exis ts .  
Past experience ( r e f .  3) has shown 
The r e su l t s  of the  curve f i ts  are  given i n  tab le  I ( t o  avoid c lu t t e r  i n  
f ig .  13, only the  curve f i t  f o r  the force s t i ck  with X = 2 i s  shown). It i s  
seen there  tha t  the force s t i ck  r e su l t s  i n  the  minimum effective delay time, 
and tha t  the  ‘re obtained from the spring s t ick  falls  between the force and 
the  f r ee  s t i ck  values. These observations a re  consistent with past data, 
reference 13, and autopaced data t o  be discussed next. 
neuromuscular system tightens up w i t h  X and tha t  i t s  natural  frequency in- 
creases as the manipulator i s  changed from a f ree  s t i ck  t o  a force s t i c k .  
The ac tua l  change, as exhibited i n  figure 15, i s  slight but i s  considered 
It implies t h a t  the  
I signif icant  . 
During the experimental se r ies  the  subject made autopacer runs with 
the force, spring, and f ree  s t icks .  
Each data point shown i s  an average of five trials. 
comparable runs made on the same day. 
series with and without input are  a l so  shown. The differences between 
the  da i ly  runs and the t o t a l  averages re f lec t  the day-to-day variation 
i n  the  five trial means. 
The data a re  shown i n  figure 16. 
The l ines  connect 
I The t o t a l  averages f o r  the en t i r e  
The autopaced data shows the same trends with manipulator as did the  
describing function Te, i.e., the  Tc = l / &  resul t ing from the force 
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Figure 16. Autopacer Data for  Three Types of Control Sticks 
s t ick  i s  about 90 percent of the f r ee  s t i ck  value. 
paced data resu l t s  i n  a rather  large T,. 
since only f ive  t r i a l s  were made w i t h  the  spring s t ick .  
noted tha t  the trend fo r  t h a t  day was consistent w i t h  the  other day's 
trends and also with the describing function trends. 
The spring s t i ck  auto- 
T h i s  anomaly cannot be resolved 
However, it is  
A comparison of the f i t t e d  T ~ I S  (from Table I) from the describing 
functions and autopacer T c f s  obtained without an input i s  made d i rec t ly  
i n  the regression diagram of figure 17. 
t o  be the best  f i t  t o  the  data. 
The T~ = 0.75 Tc l i n e  appears 
The re la t ive  amount of power i n  the operator 's  output which i s  
correlated with the input is  cal led the  relative remnant and is defined 
as 
- 
C 2  
P a  - 
where 
n = uncorrelated s igna l  i n  
the  operator s output 
c = t o t a l  operator 's  output 
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The remnant was  computed from available spectral  analyzer data and i s  
shown i n  figure 18 f o r  the describing function runs of table  I. 
reference 3 spring s t i ck  remnant data for X = 2 i s  averaged data of four 
operators. 
t h i s  experiment. 
The 
It does t i e  i n  sat isfactor i ly ,  however, with the data of 
The remnant data shows that the operator becomes increasingly "noisy" 
when going from a force s t i ck  t o  a free s t ick .  
not clear,  but similar observations have been made elsewhere (ref  13) . 
It i s  most l i k e l y  that both force level  and displacement leve l  influence 
remnant behavior t o  some extent. 
The reasons f o r  t h i s  are 
The describing f'unction and autopacer data clear ly  indicate t ha t  the 
minimum effective time delay is  exhibited by an operator using a force 
s t ick,  w h i l e  s t icks  requiring hand or f inger  displacement lower the 
na tura l  frequencies of the  stick-arm combination, causing an increase 
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Figure 18. Relative Remnant f o r  Three Types of Control Sticks 
(only s l igh t  f o r  the s t icks  tes ted)  i n  the operator's effective time 
delay. 
t h a t  there i s  no essent ia l  change i n  the operator's mode of behavior with 
manipulator. 
applications and the r e su l t s  can be extrapolated t o  other si tuations as 
required by the experimenter. 
The data fur ther  indicates, when considered with the remnant data, 
We can therefore d r a w  conclusions about the two common 
One of the l i k e l i e s t  applications of the c r i t i c a l  task i s  t o  measure 
the crucial  parameter, T ~ ,  of the operator t ha t  he would exhibit while 
tracking i n  a specific vehicle. 
operator's capabili ty and proficiency. 
reflected i n  the measure, it should be made w i t h  a s t i ck  resembling as 
closely as  possible the one i n  the ac tua l  tracking s i tuat ion.  
The parameter then i s  a measure of the 
Since s t i c k  differences are 
On the  other hand, i f  the experimenter i s  attempting t o  determine the 
effects of stressors,  environment, etc. ,  on operator tracking behavior, 
performance, and characterist ics,  it i s  the  perturbations about the base 
values tha t  are  of in te res t .  
of h i s  choice as long as he keeps i n  mind tha t  the  perturbation e f fec ts  
a re  not necessarily transferable between s t i c k  types. 
The experimenter can therefore use the s t ick  
28 
A. STEP 
1 .  General 
The c r i t i c a l  task measures the effective time delay of an operator, 
which i s  the continuous tracking analogy of t he  discrete  measure step 
reaction time delay. Because of t h i s  analogy, it is  of i n t e re s t  t o  
d i r ec t ly  compare the  two neasures since any correlation between them 
has never r ea l ly  been established. For t h i s  reason, some s tep reaction 
time measures were made; the  resul t ing data and comparisons with effec- 
t ive  time delay axe given here. 
2. The Experiment 
The s tep reaction time data were taken during the experimental program 
when the  describing function and autopaced runs were made a t  the Franklin 
Ins t i t u t e .  
lapse between stimulus and response. The display and control s t i ck  were 
i d e n t i e a l t o  those used i n  the tracking tasks, i.e.,  a horizontal bar on 
the  CRT which displaced ver t ical ly ,  and a force s t i ck  was used. 
subject was  instructed t o  quiakly return the  bar  t o  the crosshairs by 
applying pressure t o  the force s t i c k  when the  bar unexpectedly displaced. 
Twenty responses were obtained per run, and the runs were integrated in to  
the  experimental plan s o  t ha t  they occurred adjacent t o  an autopaced run. 
A relay-controlled integrator was  used t o  measure the time 
The 
Two types of reaction time, ET, were measured: simple, where one polar i ty  
of stimulus was applied; and I disjunctive, where tne bar couid dfaglace Ir; 
e i the r  direction. Both the direction o€ the  displacement, when disjunctive 
RT w a s  measured, and the foreperiod of the  reaction ( the  time lapse between 
the  warning signal and the  stimulus, 0 < tf < 3 sec) were random. 
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3. Data 
The data i s  shown i n  figure 19. The reciprocal of the run means 
rather than the means themselves are  plotted f o r  two reasons: 
reciprocal i s  d i rec t ly  comparable w i t h  the A scores ( in  rad/sec) obtained 
from the autopacer, and (2) there i s  evidence tha t  1 /E is normally dis- 
t r ibuted ( r e f .  9),  which implies that nerve conduction velocity may have 
a Gaussian dis t r ibut ion about i t s  mean. 
t ha t  the deviation i s  considerable; the average r a t i o  of standard devia- 
t i o n  t o  mean i s  21 percent. The r a t i o  obtainable under the  best  of 
conditions i s  10- 13 percerit (ref.  10, p. $), so that the  measures here 
a re  considered t o  be typ ica l  FiT measures. 
( 1 )  the  
It can be noted i n  the figure 
A comparison of step reaction time delay with e i ther  effect ive delay 
time or  c r i t i c a l  task score (A,) i s  a comparison of two different  types 
of measures. The reaction time delay is  a discrete  measure w i t h  a very 
limited number of degrees of freedom (approximately eqyal t o  the number 
of t r i a l s ) ,  whereas the describing function and c r i t i c a l  task measures 
are continuous measures and contain a considerably higher number of 
degrees of freedom (proportional t o  bandwidth times run length).  
would therefore expect a higher va r i ab i l i t y  i n  the  s tep reaction time 
delay, which is  indeed the case (the r a t i o  of standard deviation t o  mean 
f o r  the autopacer scores i s  approximately 6.5 percent f o r  f ive  trial 
samples). 
We 
Since the three kinds of measures were made a t  essent ia l ly  the same 
psychological and physiological times, and with the  same display and 
manipulator, a regression diagram could be drawn t o  indicate the connec- 
t ion,  if any, between the measures. 
of arbi t rar iness  i n  "pairing off" the  adjacent measures. 
of the sample means a re  therefore compared by normalizing them (dividing 
by the mean f o r  the t o t a l  experiment) and p lo t t ing  them i n  the  order of 
occurrence i n  figure 20. 
of an "AM" o r  ''PM'' group is  approximately 5 min. 
There wuuld, however, be a degree 
The behavior 
The elapsed time between each successive run 
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The dis t r ibut ion i n  f igure 20 has a random appearance, i.e., there 
i s  no noticeable correlation between the variations i n  the adjacent 
measures f o r  t h i s  subject. 
then, and do not r e f l ec t  a short  term or  steady-state change i n  the  
operator's character is t ics .  
The variations are  due t o  random variables, 
4. Summasy and Conclusions 
Comparison of autopaced scores with step reaction time delay supports 
the conclusions of reference 1 t ha t  val id  measures are obtainable w i t h  as 
few as five trials i n  a sample. 
t o  the over-all mean i s  approximately 6.5 percent, which compares quite 
favorably e t h  a 21 percent r a t i o  for  step reaction time delay f o r  twenty 
t r i a l  samples. 
The r a t i o  of the deviations of the  mean 
A cursory look a t  the short term variations of t he  means indicate 
that they a re  random, i.e., an increase in  an autopaced score sample 
does not imply a corresponding decrease i n  an immediately following s tep 
reaction time delay measure. 
B* DPZCERWNA[CION C@' TFU& SIZE 
1 General 
A primary use of the c r i t i c a l  task is  intended t o  be the  determination 
of the  e f f ec t s  of various environmental and s t ressor  factors  on c r i t i c a l  
task scores. 
long periods of time, a minimum number of trials t o  es tabl ish the e f fec ts  
should be predetermined. Here, a demonstrative example w i l l  be presented 
t o  show how such a determination might be made. 
Since some s i tuat ions might be d i f f i c u l t  t o  generate over 
It w a s  shown i n  reference 1 that the c r i t i c a l  task score, A,, exhibits 
a normal d is t r ibu t ion  about the mean f o r  a single operator under w h a t  
might be termed a "normal'' environment and s e t  of circumstances. There, 
f o r  t he  input case, it w a s  shown t h a t  the parameters of the dis t r ibut ion 
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=e 1, 
been added t o  show that the parameters are fo r  "condition 1 , I '  or the  
normal condition. 
run with the same operator under a different  set of conditions. We wish 
t o  detect any change i n  the  score parameters due t o  the new environment. 
The four  d i s t inc t  possible outcomes t o  the experiment are summarized i n  
tab le  I1 (a treatment of each case i s  given on p. 395 of re f .  11 ) . We 
s h a l l  only consider one of these (outcome B of tab le  11) i n  our sample 
calculation. 
straightforward (the F-test  i s  used t o  determine differences i n  variances) 
Since data t o  the  contrary i s  lacking, the assumption tha t  the variances 
are equal f o r  our example i s  not unreasonable, and it can be eas i ly  checked 
when two experimental environments are available. 
= 6.00 rad/sec, s1 = 0 . 3 ,  nl = 46 trials. The subscript 1 has C1 
Now l e t  us assume tha t  a second experiment i s  t o  be 
The treatment of the other three cases are as equally 
TABLE I1 
POSSIBLF: OUTCOMES OF TWO 1NDEPE"T EXPERIMENTS 
[OUTCOME I ME= I VARIANCES I 
A simple t - t e s t  w i l l  be used t o  determine the minimum t r i a l  s i z e  i n  
t h e  second experiment. Given two sets of independent observations, form 
the  sample s t a t i s t i c  
t 
5 
0 
0 
with nl + n2 - 2 degrees of freedom (ref. 1 1  ) 
difference of means which we w a n t  t o  detect as ITl - 121 = 0.3 rad/sec. 
This i s  an engineering judgment and may need t o  be revised as experience 
i s  gained with different  environments. 
We will specify the minimum 
For t h i s  example, the sample 
s t a t i s t i c  be comes 
1.28 tc = i- 
which i s  plot ted i n  figure 21. 
IO 20 30 50 n, 40 
L 
Figure 21. T r i a l  Size Determination from the  t-Test 
The sample s t a t i s t i c ,  tc, is t o  be compared with the computed s t a t i s t i c ,  
t', based on tables  of the  t-distribution. 
illffere~t. sszqle sizes;  w modified form of t '  i s  appropriate. 
conservative version (ref .  12) i s  
When the two experiments have 
A reasonably 
t '  
2 2 
s1 52 
+ - t a ,n  
n2 2 n 1 ta,nl 
2 2  
. s2 
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where t,,, i s  the va1ij-o f o ~ ~ d  i n  thz  t8blea at the a-level of confidence 
f o r  n - 1 degrees of freedom. 
When s1 = s2, as i s  assumed above, equation (12) reduces t o  
f o r  t h e  example here. 
figure 21 f o r  a = 9% and nl = 46. 
difference i n  means of 0.7 requires t h a t  
Equation (1  3 )  i s  plotted as a f'unction of n2 i n  
The condition indicating a significant 
t '  < tc 
s o  it can be seen i n  the  figure t h a t  a t  least s i x  tr ials are  needed. 
t h e  other hand, l i t t l e  i s  t o  be gained by running more than ten, s o  the 
experimenter would probably specify two samples of f i v e  trials each. 
On 
3. Conclusions 
Having established a "base l i ne"  set of parameters f o r  an operator 
under normal conditions, t h e  experimenter can eas i ly  predict the number 
of t r i a l s  necessary t o  detect a change of the  mean under different  condi- 
t ions.  The simplifying assumption, t h a t  variances remain unchanged, 
requires experimental verification, however, and should be among t h e  
first questions answered i n  future programs involving multiple t es t  
environments. 
During some of the i n i t i a l  analyses of the  f i r s t -order  c r i t i c a l  task 
it became apparent t h a t  the addition of an integrator t o  the task would 
require the operator t o  generate large amounts of lead t o  s t ab i l i ze  the 
system. Such a second-order c r i t i c a l  task might then measure not only 
the operator's time delay, as i n  the case of the f i r s t -order  task, but 
might a l so  provide an indication of the operator's lead generating 
capabili ty.  
problems involved i n  using the second task  t o  yield useful and meaningful 
data, t he  experiment described below was carried out. 
was ra ther  meager, but nevertheless compares with tha t  i n  reference 3 and 
expands the  data base. 
I n  order t o  obtain an appreciation of the magnitude of the 
The data obtained 
The second-order c r i t i c a l  t a sk  is  given by 
-KC 
Y, = 
s(-Ts + 1 )  
The form adopted by the operator, as shown i n  reference 3,  can be described 
by the extended crossover model, 
where the operator attempts t o  cancel the integrator of the controlled 
element by using a large amount of lead, TL- 
i s  thus 
The t o t a l  open-loop expression 
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Generic root locus and.Sode d i a g r a s  fo r  the system are  almost ident ica l  
i n  appearance t o  figure 3 of reference 1 ,  the  exception being an extra  
pair  of roots near the  origin i n  the second-order root locus due t o  the  
lead term and integrator.  
’ 
An exact analysis of the s t a b i l i t y  l i m i t s  of the second-order task 
would require the solution of higher order equations, which cannot be 
done neatly i n  l i t e r a l  terms. However, a good approximate solution w i l l  
be given here. 
Appendix A of reference 1 gives fo r  the f i rs t -order  task a t  c r i t i c a l  
conditions : 
hcTe = 1 - 6 
This  r e su l t  w a s  obtained by first deriving an approximate expression fo r  
the phase i n  the crossover region (where the s t a b i l i t y  character is t ics  
are  determined) using the extended crossover model, then manipulating 
the phase equation t o  determine the s t a b i l i t y  limits. 
loop expression f o r  the  f i rs t -order  task i s  
The t o t a l  open- 
where X C 1 /T. 
Comparison of equations (17) and (19) indicates t ha t  the difference 
between the  phases of the two tasks i s  given by 
which can be approximated i n  the crossover region, where TLU>> 1 ,  as 
1 
Note that t h i s  contribution t o  the phase i s  of the same form as the 
The ef fec t  of TL on A is  thus obtained simply a term i n  equation (19). 
by replacing the  a of equation (1 8) by a + 1 /TL, resul t ing i n  
Thus, the  differences between the  theoret ical ly  obtainable scores 
for  the first- and second-order c r i t i c a l  tasks are clear ly  shown by a 
comparison of equations (18) and (22). The t o t a l  e f fec t  of requiring 
the operator t o  great ly  increase h i s  lead is t o  reduce XC fo r  two reasons. 
First, the effect ive time delay, re, i s  increased since high frequency 
lead is no longer available t o  help cancel out high frequency neuromus- 
cular system lags.  
of the increased low frequency phase "droop" (i .e., an increase i n  the 
apparent a). 
Second, the phase margin i s  reduced s l igh t ly  because 
The data  taken t o  validate t h i s  theoret ical  e f fec t  i s  given next. 
Describing functions were measured f o r  two values of X. Two runs 
were made f o r  A = 1 rad/sec, which w a s  moderately d i f f i c u l t  t o  control 
fo r  four minutes, and f ive  runs were made f o r  X = 2 rad/sec, which was  
nearly at the  operator's control labi l i ty  l i m i t .  
input was  used i n  all runs. 
The B6' - 1.5 - 1 /8  in .  
The resul t ing describing functions are sham i n  figures 22 and 23. 
Also shown i n  the figures are the extended crossover model fits. 
figures are very s i m i l a r  i n  general appearance, specifically:  
The 
Large low frequency phase variation is  present, 
due t o  a s m a l l  number of runs and/or large 
va r i ab i l i t y  i n  lead generation. 
A high frequency phase droop a t  a considerably 
higher rate than tha t  provided by the  model. 
Th i s  condition w o u l d  be improved by f i t t i n g  with 
a precision model, where the neuromuscular system 
dynamics give a more rapidly lagging phase with 
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10.0 
frequency. 
the crossover region and since the data are  not 
as numerous as might be desired, the precisie, 
model f i t  w i l l  not be made. 
Since both models are  the same i n  
0 Low phase margins (on the order of 10 deg) are  
demonstrated, indicating the d i f f icu l ty  of the 
task.  
A difference of note between the two cases is  the high frequency 
amplitude r a t i o  fo r  the X = 2 case. 
muscular second-order pa i r  is  obvious. Here again, the precision model 
would improve the f i t  greatly.  
There the peak due t o  the neuro- 
A comparison of the a-model f i t t i n g  parameters i s  shown i n  table  111, 
together with the parameters of the second-order task data of reference 3. 
The effective time delay shows a decrease w i t h  increasing task diff icul ty ,  
as it did i n  the f i r s t -order  case. 
i n  a, which i s  presently unexplained. 
There i s  a l so  a f a i r l y  large increase 
The re la t ive  remnant, pa, indicates 
TABLE I11 
COMPAFUSON OF SECOND-ORDER FITPED P w  
CONTROLLED 
EiXt0N.T I 
TABLE X I 1 1  
3 
~ 6 ' - 1  .51 /4  in .  
12 
3.7 
7.0 
0.31 
0.37 
0.12 
1.2 
3.7 
0.20 
3-8  
0.47* 
pmsm 
EXPERIMENT 
~~ 
B6l-1 .>1/8 in .  
2 
3.5 
15.0 
0.23 
0.57 
0.1 3 
1 *3  
5.22 
0.20 
3 96 
0.69 
PRESENT 
MPERIMENT 
~ 6 ' - 1  .51/8 in .  
5 
5.2 
5 -0 
0.19 
0.70 
0.1 3 
2.1 
6 .o 
0.20 
2.5 
0.49 
*Average f o r  f ive  subjects. Range: 0.21 < pa < 0.56 
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. 
that the over-all signal t o  noise ratio i s  lower than i n  the first- 
order case, and s o  decreases w i t h  task d i f f icu l ty  (pa = 0.49 vs about 
0.7) which further supports the existence of the  low frequency sca t te r .  
The l imited data w i t h  i t s  attendant sca t te r  leaves some arbi t rar iness  
i n  the .low frequency f i t t i n g  of a and ~ / T L ;  consequently, further specula- 
t i on  on the  cause and ef fec t  relationship for  t h i s  data w i l l  be curtailed.  
Nevertheless, the describing function results can be compared with the 
autopacer data  t o  follow. 
During the  experimental program, a limited amount of second-order 
autopaced data were taken t o  f ind the  effects  of lead generation on 1,. 
Three samples of f ive  t r i a l s . each  were made with an input, and a l i k e  
number were made w i t h o u t  an input. 
where the f ive  t r ia l  means a re  shown by the symbols w i t h  the  standard 
deviations shown by the bars. 
cent f o r  the B6 ' input case and 11 percent w i t h  no input. 
approximately twice the r a t i o  observed for  the f i r s t -order  data, but 
s t i l l  compares quite favorably with the 21 percent r a t i o  observed f o r  
the s tep reaction time data (see Section I V - A ) .  
These data are plotted i n  figure 24 
The r a t i o  of deviation t o  mean i s  10 per- 
Th i s  is  
I n  Section V-B a theoret ical  re la t ion  f o r  the autopacer score was 
derived (eq. 22) using the extended crossover model. 
data  can now be compared. 
t ab l e  I11 f o r  the Xc = 2 case, equation (22) yields 
The theory and 
Using the  values of Te, a, and TL from 
- (1 - q(0 .70  + 0.20) 0.185 'CDF -0.185 
CDF 
x 3.2 rad/sec 
This computed score i s  t o  be compared with the average autopacer l i m i t  
of Xc = 3.2 rad/sec from figure 24. 
an in te res t ing  question. 
The remarkable agreement here ra i ses  
Why i s  the operator able t o  track at  such a 
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Figure 24. Second-Order Autopaced Data 
small phase margin i n  the second-order case ( 5  deg here vs 12 deg f o r  
the  f i rs t -order  case, resul t ing i n  the accurate prediction of eq. 22) 
even though more va r i ab i l i t y  i n  the data, and therefore i n  the  operator 
w a s  observed? I n  the first order r e s u l t s  i n  reference 1 an 18 percent 
difference between predicted and observed scores was exhibited because 
the  remnant was not included i n  the  analysis .  
Another unresolved observation regards the  control s t i ck .  I n  the  
f i r s t -order  case, the type of s t i c k  (force, spring, or f ree)  made l i t t l e  
difference i n  behavior (see Section 111). 
however, the operator was unable t o  control even the smallest i n s t a b i l i t y  
For the  second-order case, 
44 
4 with the  f r e e  s t ick.  H i s  subjective impression w a s  t h a t  lack of a nul l -  
control reference was the d i f f icu l ty .  This difference between the first- 
and second-order free-stick c r i t i c a l  tasks w i l l  hopefully be explained 
by one of the  comprehensive neuromuscular system theories currently being 
developed. 
E. cmUJs1m 
The operator behaves as predicted when tracking the second-order 
c r i t i c a l  task. A remarkable, perhaps fortuitously good, agreement between 
the theoret ical  l imi t  implied by the  describing function data and the auto- 
paced limits w a s  noted. The adjustment rules of the  operator, however, 
a re  not clear,  and will have t o  be the subject of future work. Because 
of th i s ,  and because of the re la t ive ly  scant amount of second-order data 
available, it is  concluded tha t  the second-order c r i t i c a l  task requires 
’ additional research before it can become as useful a t o o l  as the first- 
order task. 
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